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An increasing number of patients experiences prolonged symptoms, whose profile and timeline remain uncertain,
a condition that has been defined as post COVID. The majority of recovered hospitalized patients manifests at
least one persistent symptom even sixty days after the first clinical manifestation's onset. Particularly, in light of
the COVID-19-related symptomatology, it has been hypothesized that SARS-CoV-2 might affect the dopamine
pathway. However, no scientific evidence has been produced so far.

To this end, human iPSC-derived dopaminergic neurons were infected with EU, Delta and Omicron SARS-CoV-
2 variants. The infection with EU and Delta variants, but not with Omicron, results in a reduced intracellular
content and extracellular release of dopamine. Indeed, the tyrosine hydroxylase was found to be significantly
upregulated at the mRNA level, while being greatly reduced at the protein level. The major downstream syn-
thetic enzyme DOPA-decarboxylase and the dopamine transporter were significantly downregulated both at the
mRNA and protein level. Notably, in vitro SARS-CoV-2 infection was also associated with an altered MAP2 and
TAU expression and with an increased presence of neuronal stress markers.

These preliminary observations suggest that the dopamine metabolism and production are affected by SARS-
CoV-2, partially explaining some of the neurological symptoms manifested.

1. Introduction

After two years of SARS-CoV-2 pandemic, a number of scientific and
medical successes have been achieved, including the ongoing vaccine
campaign. So far, the aim has been legitimately centered on the
containment of COVID-19 severe or fatal illness. However, recent studies
show that an increasing number of patients, even with an initial favor-
able COVID-19 outcome, experiences prolonged symptoms, whose
profile and timeline is uncertain (CDC. Centers for Disease Control and
Prevention, 2020). Such collection of symptoms, which develops during
or following SARS-CoV-2 infection and which continues for >12 weeks,
is currently named Long COVID or Post-COVID condition (Davis et al.,

2021; CDC. Centers for Disease Control and Prevention, 2022; Soriano
et al., 2022). It was reported that the majority of recovered hospitalized
patients (>80%) presents at least one persistent symptom sixty days
after symptomatology's onset, which commonly involves fatigue and
dyspnea (Carfi et al., 2020). Moreover, after six months, beyond 30% of
the patients displays other prolonged symptoms such as post exertional
malaise, brain fog, neurological sensations, headaches, memory issues,
insomnia, muscles aches, dizziness and balance issues, speech issues,
joint pain, sleep disturbance, anxiety and depression (Davis et al., 2021;
Huang et al., 2021; Tomasoni et al., 2021).

Since the beginning of the current pandemic, it has been evident that
SARS-CoV-2 is able to penetrate and affect the nervous system, as
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demonstrated by the plethora of neurological complications in infected
patients. Such signs span from the highly frequent anosmia or ageusia
(26%) to headache (37%) and encephalitis (0.5%) (Wan et al., 2021;
Chou et al., 2021). Recently, it has been reported that SARS-CoV-2
infection has a direct impact on the brain. Indeed a great reduction in
grey matter thickness, an increase of tissue damage-related markers in
region functionally-connected to the olfactory cortex, and an overall
brain size reduction were reported as distinctive traits displayed after
SARS-CoV-2 infection (Douaud et al., 2022). The presence of pre-
existing neurological disorders is associated with an increased risk of
developing COVID-19-related neurological signs (Chou et al., 2021).
Indeed, it has been demonstrated in-vivo and in-vitro that SARS-CoV-2 is
able to infect different types of neurons with different degrees of success
(Valeri et al., 2021; Gugliandolo et al., 2021; Lopez et al., 2022; Zhang
et al., 2020; Wang et al., 2021; Pellegrini et al., 2020; Jacob et al., 2020;
Song et al., 2021; Ramani et al., 2020a). It was suggested that SARS-
CoV-2 might use the dopamine receptor as an additional entry recep-
tor (Khalefah and Khalifah, 2020). More generally, in light of the
COVID-19-related symptomatology, it has been hypothesized that SARS-
CoV-2 might affect the dopamine production (Brundin et al., 2020;
Attademo and Bernardini, 2021; Nataf, 2020; Shuibing et al., 2021;
Smeyne et al., 2022; Bauer et al., 2022a). However, concerning this
issue, no scientific evidence has been produced so far.

From this scenario, our research stems out. We exploited an in-vitro
model represented by human iPSC differentiated to dopaminergic neu-
rons (DA neurons) infected with three SARS-CoV-2 variants (EU, Delta,
Omicron). Together with an intense production neuronal stress markers,
neurons present alterations in the expression of both mRNA and proteins
involved in the dopamine metabolism. Overall, SARS-CoV-2 infection
resulted in a decrease of dopamine production at different degrees,
based on the viral variant employed.

2. Material and methods
2.1. iPSC culture

Human iPSC clonal line obtained from primary fibroblasts of a
healthy subject was purchased from Coriell Institute (AICS-0022-037).
Parental hiPSC line (WTC/AICS-0 at passage 33) derived from fibro-
blasts was reprogrammed using episomal vectors (OCT3/4, shp53,
SOX2, KLF4, LMYC, and LIN28). iPSCs were grown in geltrex-coated
(1% for 1 h at 37 °C) 6-well plates and cultured in complete Essential
8 Medium. At 80-90% confluence, cells were passaged using Accutase
(3 min 37 °C) and plated at a density of 10* cells/cm? in complete
Essential 8 Medium supplemented with 10 pM Rock inhibitor for 24 h.

2.2. Differentiation of iPSC to dopaminergic neurons

iPSCs were differentiated to DA neurons according to the protocol
described by Zhang et al. (Zhang et al., 2014). Cells at 70% confluence
were cultured in proper media as follows:

- day 0: KSR medium (81% DMEM, 15% KSR, 100 x 1% non-essential
amino acids, 100 x 1% 2-mercaptoethanol, 100 U/ml penicillin, and
100 pg/ml streptomycin) supplemented with 10 pM SB431542 and
100 pM LDN-193189;

- days 1 and 2: KSR medium supplemented with 10 pM SB431542,

100 nM LDN-193189, 0.25 pM SAG, 2 pM purmorphamine, and 50

ng/mL FGF8b;

days 3 and 4: KSR medium supplemented with 10 uM SB431542,

100 nM LDN-193189, 0.25 pM SAG, 2 pM purmorphamine, 50 ng/

mL FGF8b, and 3 pM CHIR99021;

days 5 and 6: 75% KSR medium and 25% N2 medium (97% DMEM,

100 x 1% N2 supplement, 100 U/ml penicillin, and 100 pg/ml

streptomycin) supplemented with 100 nM LDN-193189, 0.25 pM

SAG, 2 pM purmorphamine, 50 ng/mL FGF8b, and 3 pM CHIR99021;
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- days 7 and 8: 50% KSR medium and 50% N2 medium supplemented
with 100 nM LDN-193189 and 3 pM CHIR99021;

days 9 and 10: 25% KSR medium and 75% N2 medium supplemented
with 100 nM LDN-193189 and 3 pM CHIR99021;

days 11 and 12: B27 medium (95% Neurobasal medium, 50 x 2%
B27 supplement, 1% Glutamax, 100x, 100 U/ml penicillin, and 100
pg/ml streptomycin) supplemented with 3 pM CHIR99021, 10 ng/
mL BDNF, 10 ng/mL GDNF, 1 ng/mL TGF-b3, 0.2 mM ascorbic acid,
and 0.1 mM cyclic AMP;

from day 13 to the end of differentiation: B27 medium supplemented
with 10 ng/mL BDNF,10 ng/mL GDNF, 1 ng/mL TGF-p3, 0.2 mM
ascorbic acid, and 0.1 mM cyclic AMP.

After 20 days of differentiation, cells were split using Accutase (3 min
37 °C) and plated on geltrex- coated plates at a density of 2 x 10° cells/
em?. At day 26 of differentiation cells were plated at a density of 6 x 10*
cells/cm? in 12 wells plates and at day 30 of differentiation experiments
were performed.

2.3. SARS-CoV-2 infection

The European (EU - B.1), the Delta (B.617.2) and the Omicron (BA.1)
SARS-CoV-2 lineages were a kind gift of Dr. Davide Mileto, Clinical
Microbiology, Virology and Bio-emergence Diagnosis, ASST
Fatebenefratelli-Sacco, Department of Biomedical and Clinical Sciences,
University of Milan, Milan, Italy. Viruses were isolated from positive
nasopharyngeal swabs, propagated, and titrated using the permissive
cell line Vero E6 (ATCC, VA, USA). All SARS-CoV-2 strains were iden-
tified by means of whole genome sequencing and the sequences were
submitted to GISAID (EU EPI ISL _41297], Delta EPI ISL_1970729, and
Omicron EPI_ISL._1649798). All the experiments with SARS-CoV-2 virus
were performed in BSL3 facility; virus was inactivated according to
institutional safety guidelines, before samples analyses outside BSL3
area.

In order to assess infectious viral particles concentration, TCIDs,
was performed as elsewhere described (Fenizia et al., 2022). Briefly,
Vero E6 were seeded at 2 x 10* cells per well in a 96-well plate. Eleven
1:10, or 1:3 when needed, serial dilutions of the viral stock were per-
formed in 2% FBS medium. For each dilution, eight wells were infected
(n = 8). Eight wells were left uninfected as control. 1 -h post infection
(hpi), each well was thoroughly washed three times with pre-warmed
PBS and the culture media replaced with 10% FBS DMEM. At 72 hpi,
supernatants were removed, cells fixed by paraformaldehyde (PFA -
Sigma-Aldrich, MO, USA) 4% for 1 h at room temperature, then stained
by 0.2% crystal violet solution (Sigma-Aldrich, MO, USA). By applying
the Reed-Muench method with the correction for the proportional dis-
tance (PD) (Reed and Muench, 1938), we were able to assess the TCIDsq
and to calculate the MOI in our experiments.

Then, DA neurons were challenged with 5, 0.5 or 0.05 MOI of SARS-
CoV-2. After an over-night incubation, cells were thoroughly washed
three times with pre-warmed PBS and replenished with the complete
growth medium. Upon media refill, at 0, 48 and 96 hpi, supernatants
were collected to monitor infection. At 48, 72 and 96 hpi, cells were
lysed for RNA or protein extraction, whereas supernatants were har-
vested and appropriately stored.

2.4. Other stimuli

DA neurons were challenged with 1 pg/ml LPS, with 5 MOI of res-
piratory syncytial virus (RSV) or with 5 MOI of heat-inactivated EU
SARS-CoV-2 (iSARS). iSARS was obtained by heating the virus for 20’ at
70 °C (Batéjat et al., 2021).
2.5. MTT

Cytotoxic effect was evaluated by means of an MTT assay: cells were
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seeded in 96-well plates (2 x 10* per well) infected with SARS-CoV-2
viruses at different concentrations (from 102 MOI down to 10~ MOI,
applying serial 10* dilution; n = 8) or mock infected (CTRL). At 96 hpi,
cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) method. Briefly, 30 pl of MTT (final
concentration, 0.5 mg/mL) was added to each well under sterile con-
ditions, and the 96-well plates were incubated for 4 h at 37 °C. Super-
natants were removed, and dimethyl sulfoxide (100 pl/well) was added.
The plates were then agitated on a plate shaker for 5 min. The absor-
bance of each well was measured at 490 nm with a Bio-Rad automated
EIA analyzer (Bio-Rad Laboratories, Hercules, CA, USA). The viability of
CTRL cells was considered 100%, while the other conditions were
expressed as percentages of CTRL.

2.6. mRNA extraction and quantification

Culture supernatants were collected, and Maxwell RSC Viral Total
Nucleic Acid purification kit was used to extract RNA from 250 pl of cell
culture supernatants employing the Maxwell RSC Instrument (Promega,
WI, USA). Each well was then thoroughly washed three times with pre-
warmed PBS. Cells were lysed and collected in 100 pl of RNAzol (TEL-
TEST Inc., TX, USA). RNA extraction was performed employing the acid
guanidium-phenol-chloroform (AGPC) extraction method, as elsewhere
described (Fenizia et al., 2021). Finally, RNA was reverse-transcribed
and amplified by OneStep MMix (Promega, WI, USA) on a CFX Opus
real-time thermocycler (Bio-rad, CA, USA). cDNA quantification for
IFITM1 (- F 5’-TCTTGAACTGGTGCTGTCTGG-3; R 5-
ACTTGGCGGTGGAGGCATAG-3"), IFITM3 (F 5-ACTGGGATGACGAT-
GAGCA-3; R 5-AGCATTCGCCTACTCCGTGA-3), MxA (F 5’-CCA-
GAGGCAGGAGACAATCAG-3; R 5-TCTTCGGTGGAACACGAGGT-3"),
TH (F 5’-CGACCCTGACCTGGACTTGGA-3'; R 5’-
GGCAATCTCCTCGGCGGTGT-3"), VMAT2 (F 5’-CCATTGCGGATGTGG-
CATTT-3; R 5’-TCTTCTTTGGCAGGTGGACTT-3) (Sigma Aldrich, MI,
USA), S100B (Assay ID: qHsaCED0045890), DDC (Assay ID:
qHsaCED0037636), DAT (Assay ID: qHsaCID0006207) (Bio-rad, CA,
USA), SARS-CoV-2 N1 (F 5-CAATGCTGCAATCGTGCTAC-3; R 5'-
GTTGCGACTACGTGARGAGG-3") and N2 (F 5’ -GCTGCAACTGTGCTA-
CAACT-3; R 5° TGAACTGTTGCGACTACGTG-3") (IDT, IA USA) was
analyzed as AACt and presented as relative ratio between the target
gene and the GAPDH housekeeping mRNA.

2.7. Protein determination

Protein concentration of samples was assessed with the DC™ protein
assay kit according to manufacturer's instructions, using bovine serum
albumin at different concentrations as standard.

2.8. Immunoblotting

Immunoblotting for DA neurons total cell lysates were performed
using standard protocols. Aliquots of proteins were mixed with Laemmli
buffer (0.15 M DTT, 94 mM Tris-HCl pH 6.8, 15% glycerol, 3% w/v SDS,
0.015% blue bromophenol) and heated for 5min at 95 °C. Proteins were
separated on 4-20% polyacrylamide gradient gels and transferred to
PVDF membranes by electroblotting. PVDF membranes were incubated
in blocking solution (5% non-fat dry milk (w/v) in TBS-0.1% tween-20
(v/v)) at 23 °C for 1 h under gentle shaking. Subsequently, PVDF
membranes were incubated overnight at 4 °C with primary antibodies
diluted in blocking solution. The day after, PVDF membranes were
incubated for 1 h at 23 °C with secondary HRP-conjugated antibodies
diluted in blocking solution. PVDF were scanned using the chem-
iluminescence system Alliance Mini HD9 (Uvitec, Cambridge, United
Kingdom) and band intensity was quantified using ImageJ software
(v2.1.0/1.53c). The following primary antibodies were used for immu-
noblotting: monoclonal mouse anti-TH (dilution: 1:2500; RRID:
AB_628422), polyclonal rabbit anti-MAP2 (dilution: 1:1000; RRID: AB
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_10693782), monoclonal mouse anti-Tau (dilution: 1:1000; RRID: AB
_10695394), polyclonal rabbit anti-GAPDH (dilution: 1:10000; RRID:
AB_796208), monoclonal mouse anti-calnexin (dilution:1:1000; RRID:
AB_397884). The following secondary antibodies were used: Goat-anti-
rabbit HRP-conjugated (1: 2 000; RRID: AB 2099233) and Goat-anti-
mouse HRP conjugated (dilution: 1: 2 000; RRID: AB_228307).

2.9. Immunocytochemistry

Cells were seeded on coverslips in a 24-well. 48 h post infection
assay, SARS-CoV-2 infected and not infected cells were fixed in PBS
containing 4% paraformaldehyde (PFA) at RT for 10 min, followed by
permeabilization with 0,1% TritonX-100 in PBS for 10 min. Cells were
treated with PBS 1% BSA for blocking at RT for 1 h, and incubated with
primary antibodies: anti-N Nucleocapsid SARS-CoV-2 antibody (cell
signalling, #33717), 1:400; MAP2 (cell signalling, #4542), 1:1000;
GLUK2 (abcam, ab66440), 1:200; Pax6 (DSHB, AB_528427), 1:250;
Sox2 (Millipore, AB5603), 1:500; TH (R&D, MAB7566), 1:100; Nestin
(Cell signalling, #33475), 1:100; GABA (Sigma, A2129), 1:500, at 4 °C
o.n. and stained with secondary antibodies (Alexa Fluor 488, 586 or 647,
1:500, abcam, Cambridge, UK) for 1 h at RT. Coverslips were mounted
using a mounting medium with DAPI (Enzo Life Sciences, Milan, Italy).
Confocal imaging was performed with a Leica TCS SP8 System equipped
with a DMi8 inverted microscope and a HC PL APO 40x/1.30 Oil CS2
(Leica Microsystems, Wetzlar, Germany) at a resolution of 1024 x 1024
pixels.

2.10. Dopamine measurement

Total dopamine levels in the cell lysates and in the culture medium
were quantified using a direct competitive chemiluminescent enzyme-
linked immunosorbent assay (ELISA) dopamine kit (Catalog number:
EU0392, Fine Test®, Wuhan, China) according to the manufacturer's
instructions. Absolute values were obtained based on a standard curve
and expressed as ng of dopamine/ ml/ mg proteins.

2.11. Statistical analyses, graphs and images

For the study variables, medians and ranges were reported for
quantitative variables. t-test and ANOVA were used with a p value
threshold of 0.05. The analyses were performed using GraphPad Prism
8. Graphs and images were assembled by GraphPad Prism 8 and Bior
ender.com, respectively.

All experiments were confirmed in 3 independent replicates (n = 3)
and all the procedures were carried out in accordance with the GLP
guidelines adopted in our laboratories.

3. Results
3.1. SARS-CoV-2 infection of dopaminergic neurons

First, we proceeded with the characterization of the dopaminergic
neurons in culture (Fig. 1). As depicted, we obtained 100% of dopami-
nergic (DA) neurons, according to the TH and MAP2 staining.

In addition, as shown in Fig. S1 these neurons present a low
expression of SOX2 pluripotency marker and of the neuronal precursor
markers PAX6 and Nestin. We found a scant staining of GLUK2 and
GABA, suggesting a minor glutamatergic and GABAergic commitment.

Then, we exposed the DA neurons to different concentrations of EU
SARS-CoV-2, ranging from 5 x 102 to 5 x 10~® MOI. At 96 hpi we
detected no significant changes in cell viability compared to the unin-
fected control, by the means of an MTT assay (Fig. 2A). Similar results
were obtained for Delta or Omicron SARS-CoV-2 variants (Fig. S2).

Overtime, we could detect by real-time PCR a modest but steady
increase of SARS-CoV-2 N1 and N2 RNA in DA neurons exposed to 5 MOI
of SARS-CoV-2 (EU, Delta or Omicron) (Fig. 2B). The SARS-CoV-2
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MAP2

Fig. 1. Human iPSC-derived dopaminergic neurons. ICC of DA neurons at day 30 of culture. Cells were stained for TH (green) and MAP2 (red). Nuclei were stained in
blue. Images were acquired with a 40 x magnification. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. Invitro SARS-CoV-2 infection of human iPSC-derived dopaminergic neurons. Panel A) MTT viability assay at 96 hpi with EU SARS-CoV-2. Viral concentrations
range from 5*102 to 5*107° on a 1:10 dilution basis. Data are shown as percentage of the uninfected control. Panel B) Upon in vitro challenge of DA neurons with 5
MOI of SARS-CoV-2 (EU, Delta or Omicron), the infection was monitored at 0, 48 and 96 hpi. Real-time PCR for N1 (left, Anova time factor p < 0.02) and N2 (right,
Anova time factor p < 0.02) viral genes was performed. Results are shown as nFold (ACt). Panel C) ICC of DA neurons at 96 hpi with 5 MOI of EU, Delta or Omicron
SARS-CoV-2 variants, or mock infected (DAPI in blue, NSARS-CoV-2 in red, MAP2 in green). Panel D) Titration of progeny SARS-CoV-2 virus (EU, Delta or Omicron
variants) in the DA neurons culture supernatant harvested at 0, 48, 72 and 96 hpi. Data are shown as TCIDs,/pl (Anova time factor p < 0.005). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

infection in DA neurons was confirmed by immunocytochemistry (ICC) 3.2. Neuronal stress markers

at 96 hpi, by detecting the viral protein N at the intracellular level

(Fig. 2C). We observed sporadic N2 positive DA neurons upon infection DA neurons infected with 5 MOI of SARS-CoV-2 (EU) were assessed

with 0.5 MOI as well (Fig. S3). for innate immunity or stress markers 48, 72, 96 hpi. By real-time PCR,
In order to test whether the progeny virus could be infectious, we we measured the mRNA expression of different virus-specific intracel-

collected the supernatants of the infected DA neurons throughout the lular response genes (IFITM1, IFITM3 and MxA) and a neuronal stress-

96-h culture. Such supernatants were then tested by TCIDso assay on related marker (S100B) (Fig. 3A). While IFITM1 was not regulated by
VeroE6 cells (Fig. 2D). Results show a modest infectious ability of the SARS-CoV-2 infection, we observed IFITM3, MxA and S100B to be
progeny virus for all the three SARS-CoV-2 variants considered, EU, upregulated over time (p = 0.0139, p = 0.0002, p < 0.0001) reaching a
Delta and Omicron, reaching at 96 hpi 1.16, 0.74 and 1.16 TCIDso/pl, significant increase at 96 hpi. Therefore, we tested also the effect of
respectively. Delta and Omicron variants in these very same conditions. As shown in
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Fig. 3. Effect of SARS-CoV-2 variants on antiviral and neuronal stress markers. Panel A) Real-time PCR expression analyses, expressed as nFold (AACt), of the
antiviral innate neuronal immune response markers MxA, IFITM1 and IFITM3 and the neuronal stress marker S100B, triggered by the EU SARS-CoV-2 variant at 48,
72 and 96 h post infection (hpi). Panel B) Real-time PCR expression analyses of MxA, IFITM3 and S100B triggered by the Delta (left) and Omicron (right) SARS-CoV-2
variant at 96 hpi. Panel C) Western blot analyses of the neuronal marker MAP2 and TAU in DA neurons infected by the EU SARS-CoV-2 variant at 96 hpi. Band
intensity of each antigen was normalized over calnexin and expressed as fold change over the control. Statistical significance was calculated by multiple comparison
test or by Student's t-test, where appropriate. * <0.05; ** <0.01; *** <0.005; **** <0.0001 (n = 3).

Fig. 3B the only observed effect was an upregulated expression for MxA
upon infection of DA neurons with the Delta variant.

By immunoblotting analyses, the expression of MAP2 and Tau pro-
tein was evaluated in SARS-CoV-2 infected cells at 96 hpi. Both of them
were found to be decreased by EU- SARS-CoV-2 infection (p = 0.0191
and p = 0.0158, respectively) (Fig. 3C), but not by Delta or Omicron-
SARS-CoV-2 infection (Fig. S4 A and B, respectively). The data was
supported also by immunocytochemistry against MAP2, which showed a
fragmented staining in neurons infected by EU- SARS-CoV-2 (Fig. S5).

These data suggest that at 96 hpi with SARS-CoV-2- EU dopaminergic
neurons undergo neuronal stress.

3.3. Dopamine metabolic pathway

Considering the symptomatology manifested by COVID-19 patients,
which seems to involve the dopaminergic tone, we focused our attention
on the dopamine metabolic pathway.

First, we measured by ELISA the intracellular dopamine content
(Fig. 4A) and the amount secreted in the extracellular environment
(Fig. 4B). In addition, we evaluated if the SARS-CoV-2 effect on dopa-
mine production might be virus-dose or variant dependent. In order to
do so, we challenged DA neurons with 0.05, 0.5 or 5 MOI of SARS-CoV-2
EU, Delta, or Omicron variants. Results at 96 hpi show that both the EU
and the Delta SARS-CoV-2 variants were able to hamper the dopamine
production and secretion, while no significant effect was detected in
Omicron-infected neurons.

In particular, for the EU and Delta SARS-CoV-2 variant the dopamine
content inversely correlates with the MOI of virus employed (Anova p <
0.02 and p < 0.01, respectively). On the other hand, the reduction in
dopamine secretion for the EU- SARS-CoV-2 variant was not virus-dose
dependent, whereas for the Delta- SARS-CoV-2 variant (Anova p <
0.001), we observed a decrease of about 30% only upon the infection
with 5 or 0.5 MOL. To better investigate this aspect, 96 hpi we evaluated
the protein expression and the mRNA levels of the main players involved
in dopamine metabolism (Fig. 5).

The protein levels of tyrosine hydroxylase (TH), the enzyme that
converts tyrosine to DOPA, resulted strongly reduced upon infection
with both EU and Delta variants (p < 0.05 and p < 0.005, respectively)
(Fig. 5A). Conversely, in DA neurons, the mRNA expression of TH was
significantly upregulated (p < 0.0001) only upon infection with 5 MOI of
SARS-CoV-2- EU and Delta (Fig. 5B). Moreover, the infection with EU
and Delta variants determined the downregulation in the mRNA
expression of two key molecules of dopamine metabolism, the DOPA
decarboxylase (DDC; p < 0.05) and the dopamine transporter (DAT; p <
0.05) (Fig. 5B). In addition, the mRNA level of the vesicular monoamine
transporter 2 (VMAT?2) displayed a modest increase only upon SARS-
CoV-2- EU infection (Fig. 5B). Any change was observed upon infec-
tion with Omicron SARS-CoV-2 (Fig. 5B).

To further assess whether the effect of SARS-CoV-2 on DA neurons
was virus-specific or generally stress-related, we challenged these cells
with other stimuli, such as LPS, the respiratory syncytial virus (RSV), or
the heat-inactivated EU SARS-CoV-2 (iSARS). Any of these stimuli is
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Fig. 4. Effect of SARS-CoV-2 variants on dopamine production. Panel A) Intracellular dopamine quantification by ELISA upon challenge with 0.05 MOI, 0.5 MOI, and
5 MOI of EU (Anova p < 0.02) (left), Delta (middle) (Anova p < 0.02), and Omicron (right) SARS-CoV-2 variants, or the uninfected control, at 96 hpi. Panel B)
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SARS-CoV-2 variants, or the uninfected control, at 96 hpi. The depicted statistical significance is relative to multiple comparison t-test only. * <0.05; ** <0.01;

<0.005 (n = 3).

able to significantly modulate the antiviral response (Fig. 6A) or to affect
the dopamine metabolism (Fig. 6B-C).

4. Discussion

The neurotropic effect of viruses represents an important item of
virology, since the infection of an immune privileged site as the brain
could have both short and long- term severe consequences, due to the
post- mitotic stage of neurons. Although several viruses are reported to
infect neurons, scant is the information related to the family Corona-
viridae. Retrospective analyses on patients infected by HIN1 virus
during the influenza pandemic of 1918, report an increased prevalence
of lethargic encephalitis associated with Parkinsonism (Dourmashkin,
1997; Reid et al., 2001). Arboviruses are known to affect neurons and to
dampen catecholamine biosynthesis (Elizan et al., 1978; Clarke et al.,
2014; Mpekoulis et al., 2022), while Herpes simplex virus specifically
targets the TH (Rubenstein et al., 1985; Price et al., 1981).

Emerging evidence supports also the effect of SARS-CoV-2 infection
on both CNS and PNS. In particular, a large fraction of patients experi-
ences symptoms such as post exertional malaise, brain fog, neurological
sensations, headaches, memory issues, insomnia, muscles aches, dizzi-
ness/ balance issues, speech issues, joint pain, sleep disturbance, anxiety
and depression (Davis et al., 2021; Huang et al., 2021; Tomasoni et al.,
2021). In addition, a broad spectrum of signs affecting the dopaminergic
tone has been described among patients affected by COVID-19.

Currently, the extent of SARS-CoV-2 infection in the brain is not well
defined in humans. Despite this clinical evidence, poor is the informa-
tion related to the effect of SARS-CoV-2 infection on neuronal homeo-
stasis. In a recent paper published by Pedrosa et al. it has been
demonstrated that the EU variant of SARS-CoV-2 presented a limited
capability to infect neurons, whereas it showed an infectivity for as-
trocytes, which, by the induction of an inflammatory response, lead
indirectly to neuronal damage (da SG et al., 2021). The SARS-CoV-2
tropism for astrocytes, together with the consequent inflammatory
response and cell dysfunction, was confirmed by multiple authors
(Andrews et al., 2022; Kong et al., 2022). Some of these observations
were recapitulated in a mouse model, reporting an increased suscepti-
bility to oxidative stress in DA neurons from infected mice (Smeyne
et al., 2022). However, the authors did not test for the actual infection of
those neurons. Although Spike-bearing pseudoviruses corroborate the
hypothesis of a direct infection of DA neurons (Yang et al., 2020), the
SARS-CoV-2 infection of such neurons remains somehow elusive, so far.
In our work we tried to address this issue exploiting the use of human DA
neurons derived from iPSCs. Our differentiation protocol allows to
obtain a neuronal population entirely expressing the dopaminergic
marker TH. As usually occurs for iPSCs differentiation we observed also
a scant expression of the neuronal precursor markers Nestin and PAX6.
Nevertheless, compared to the neuronal marker MAP2 and TH, the
expression level of these precursor markers is very low suggesting a late
stage of maturation of DA neurons. Using this model, we found that the
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EU, Delta, and Omicron SARS-CoV-2 variants showed a low productive
infection in DA neurons, even if administered at high MOI. Interestingly,
we observed that the infection with EU and Delta SARS-CoV-2 promotes
the neuronal innate immune response as demonstrated by the increased
mRNA expression of MxA and IFITM3 (Feeley et al., 2011; Zhao et al.,
2014; Spence et al., 2019; Verhelst et al., 2013; Sadler and Williams,
2008). Such genes are enclosed in the so-called interferon response and
are known to be key players in the intracellular antiviral response,
which can rely on different finely- tuned pathways. Indeed, in our
model, IFITM3 and MxA were upregulated, while IFITM1 was not, un-
derlying the specificity of the antiviral response triggered by SARS-CoV-
2 in DA neurons. In addition, EU infection caused also the upregulation
of the neuronal stress marker S100B, which was previously related to
SARS-CoV-2 disease severity and neuronal damage (Ramani et al.,
2020b; Aceti et al., 2020; Tremblay et al., 2020). These data clearly
indicate that the infection with different variants of SARS-CoV-2 affects
the homeostasis of DA neurons. Since DA neurons are the main actors for
the production of dopamine in brain, we investigated whether the SARS-
CoV-2 infection affects this pathway. A proof that SARS-CoV-2 infection
could affect the dopamine metabolism derives also from a recent paper
by Mpekoulis G. et al. in which it has been described that the infection of
non- neuronal cells determines a reduction in the mRNA expression of
DDC (Mpekoulis et al., 2021; Limanagqi et al., 2022).

The order of magnitude that SARS-CoV-2 viral load could potentially
reach in the human brain in vivo is currently unknown. Some hints might
come from the observation that SARS-CoV-2 is endowed of a marked
tropism for astrocytes (da SG et al.,, 2021; Andrews et al., 2022).
Andrews and colleagues detected a viral load between 10* and 10° PFU/
ml as order of magnitude at 72 hpi in the supernatant of SARS-CoV-2-
infected neurospheres, mainly ascribable to astrocytes (Andrews et al.,
2022). Comparing this to our experimental setting, it would translate to
an order of magnitude of 10~1 MOI, which is the intermediate dose
among those tested. Overtime, the viral load could easily accumulate
even higher. Although this does not prove the point, to our best
knowledge, it is suggestive that the amount of SARS-CoV-2 employed in
our experiments in vitro is likely to be potentially reached in vivo.

In our work, by titrating the progeny virus, we demonstrated that
SARS-CoV-2 not only infects, but also propagates in DA neurons.
Moreover, we demonstrated that SARS-CoV-2 infection of DA neurons is
able to impair dopamine metabolism inducing a reduction in the pro-
duction of dopamine and in its release in the extracellular environment,
only upon the infection with the EU and Delta SARS-CoV-2 variants, but
not with the Omicron one.

We speculate that these data might relate to the clinical observation
that EU or Delta -infected patients manifest the most severe neuronal
symptomatology with respect to those infected by Omicron variant
(Vaira et al., 2023; Shafer, 2022; Briissow, 2022; Nealon and Cowling,
2022). Indeed, it is currently unknown if the overall milder simptoma-
thology observed in Omicron infected patients is due to the higher level
of immunization of the population, or rather due to a reduced aggres-
siveness or, in this case, to a reduced neutropism of the Omicron variant.
Our results suggest the latter ones and are in line with those obtained on
iPS-derived cortical neurons and astrocytes, or humanized mice/ham-
ster models (Bauer et al., 2022b; Seehusen et al., 2022; Natekar et al.,
2022).

In addition, the opposite trend shown by TH mRNA and protein
levels let to speculate about a compensatory mechanism activated by DA
neurons in order to restore the dopamine production in a positive
feedback manner.

The observation of a functional deficit in DA neurons after SARS-
CoV-2 infection stimulates some speculations on the potential trans-
latability in the clinical setting. It is reasonable to hypothesize that the
worsening that patients with Parkinson's disease experience during
COVID-19 infection and in the subsequent period, short or long post
COVID syndrome, may be associated with this functional deficit. This
hypothesis could support a scenario in which Parkinson's disease
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patients would have a transient worsening of symptoms, and then return
to the pre-infection condition once fully recovered (Goerttler et al.,
2022).

Further confirmations and insights of this mechanism are necessary
in order to consolidate this data and guide clinicians towards an
increasingly targeted therapy for Parkinson's disease patients suffering
from COVID-19 and for patients suffering from post COVID syndrome.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.yexmp.2023.104874.
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